A combined solid-phase extraction (SPE)-supercritical fluid extraction (SFE) procedure was developed for the analysis of polychlorinated biphenyls (PCBs) in wastewater. The importance of cleaning and drying the filters and SPE-disks prior to eluting PCBs with SFE was studied, leading to improved recoveries for all congeners investigated. The average PCB recovery of the final procedure, at a concentration of 18 ng/L in reagent water, was 101% with relative standard deviations ranging from 1 to 5% for the different congeners. Spiked leachate to a final concentration of 4 ng/L was extracted directly after spiking, or after 24 h of spiking. An average recovery of 112% was obtained in the direct extraction of spiked leachate.
Introduction
Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) that are distributed worldwide and are known to have a profound negative environmental impact. Although they have been banned for decades, PCB leakage from landfills/dumpsites will continue to be sources of PCBs, and one route of impact from these sites involves leachate. [1] [2] [3] Due to the ever-increasing number of samples that have to be analyzed, there is a growing need for new analytical procedures, which can cope with higher demands on sample throughput and decreased labor in an attempt to decrease the costs of analysis. New analytical procedures must also possess good accuracy, even at low concentrations. The hygienic threshold values for each PCB congener in drinking water is 100 ng/L, 4 but when investigating the transport properties in a water environment, detection limits below 1 ng/L are sometimes required. [5] [6] [7] [8] [9] [10] [11] The need to determine very low concentrations of PCBs in natural water and wastewater samples calls for large concentration enrichment factors before a final determination is possible. This can be accomplished by liquid-liquid extraction (LLE), such as in the US EPA Method 608. 12 LLE has been applied to determine PCBs in snow and river water in a low ng/L range using 0.5 L samples, 5 but in some cases over 10 L sample is required when analyzing PCBs at the pg/L level, as in tidal rivers 6 and seawater. 7 An alternative way of extracting PCBs from water is solid-phase extraction (SPE), as described in the US EPA Method 525. 13 SPE has been applied to extract PCBs from water samples in a number of investigations, [8] [9] [10] [11] [14] [15] [16] [17] but very few have reported data for natural waters. SPE was used to extract five congeners in river water using 1 L water samples showing PCB levels in the low ng/L range. 8, 9 However, when analyzing PCBs in seawater, more than 1000 L of a sample had to be used in order to determine the concentrations at the pg/L level. 10, 11 Both approaches have their shortcomings, such as foaming in LLE, and plugging in SPE. In the latter case, the problem can often be solved by using glass-fiber filters to filtrate the water before it reaches the SPE-disk. 18, 19 Even though SPE procedures, compared with LLE, decrease the amount of organic solvent needed, substantial amounts are still required. 20 The purpose of this investigation was to develop a new procedure for the determination of PCBs in aqueous samples down to the low ng/L range, with a minimum of organic solvent consumption. The study was based on a previously developed SPE-methodology using Empore-disks, 18 but here an automated supercritical fluid extraction (SFE) step has replaced the organic solvent-elution step in the analytical procedure. Consequently, the organic solvent consumption was decreased, and selectivity was gained, since SFE with neat carbon dioxide coextracts very low amounts of the organic matrix. 21, 22 A few papers have appeared detailing a combined SPE-SFE procedure for the analysis of PCBs in water. [23] [24] [25] [26] All studies utilized Empore-disks for extracting 1 L of water. However, all studies were conducted at the low μg/L spiked level of water, and in only one case was wastewater studied. 24 To the best of our knowledge, this is the first time a combined SPE-SFE procedure has been applied to leachate from landfills, a wastewater type of rising concern. Finally, by incorporating a highly efficient separation system as the final analytical step, the resolving power was further increased when analyzing contaminated wastewater samples. This system was a dualcolumn GC system with electron capture detection (ECD). Technology, Gaithersburg, MD, USA) dissolved in 2-methyl heptane for the preparation of calibration standards, and was used in the analysis of leachate. Seven calibration solutions were prepared in the concentration range of 1 -40 ng/mL. PCB 35 and PCB 169 (Larodan Fine Chemicals AB) were dissolved in 2-methyl heptane at 540 ng/mL, and used as a time reference and for quantification. Reagent water was obtained from a Milli-Q water purity system (Millipore Corp., Bedford, MA, USA). Leachate from a landfill at Härlöv, Kristianstad (Sweden) was used in this study. The samples were stored in a refrigerator at 4˚C until the time of analysis.
Experimental

Solid-phase extraction
Solid-phase extraction was done with a Millipore 47 mm filter apparatus (Millipore Corp., USA), which was rebuilt to facilitate cleaning and extraction steps, as shown previously by Westbom et al. 18 To avoid clogging of the SPE-disk, a filtering step was introduced. The aqueous samples were filtrated through a package of three 47 mm glass microfiber filters (D-, C-, and F-filters, Whatman, Maidstone, UK, in this order). The filters were dried under vacuum suction (MZ 2C vacuum pump, Vacuubrand, Wertheim, Germany) for 15 min, followed by 24 h in a desiccator before extraction using SFE.
A D-filter was placed under the SPE-disk (EmporeTM, 47 mm, C18, 3M Center, St. Paul, MN, USA) to avoid having the SPEdisk directly attached to the stainless-steel support, which would decrease the total area available for the water samples to pass through the disk. Before applying the filtered sample, the disk was washed with 10 mL of 2-methyl heptane. This was followed by an activation step with 10 mL of methanol. A few milliliters of methanol were sucked through the disk, after which it was allowed to stand for 1 min before another 2 mL of methanol was allowed to pass the disk. The disk was then conditioned with 10 mL of water before the samples were passed through the disks. Once the water had passed through the SPE-disk, it was allowed to dry under a vacuum for 15 min. After the vacuum drying the SPE-disks were allowed to dry in a desiccator for 24 h, followed by SFE.
Supercritical fluid extraction
All supercritical fluid extractions were performed using an ISCO SFX 3560 (Isco, Lincoln, NE, USA) automated system with a 260 D syringe pump. CO2 4.8 (99.998%, AGA Gas AB, Sweden) was used as extraction gas and CO2 food quality (AGA Gas AB) as cooling gas. Both the glass fiber filters and the SPE-disk obtained for each sample were inserted into the same extraction cell for simultaneous extraction. The final method was performed at 100˚C and 35 MPa for 45 min at a flow rate of 1.5 mL/min. Collection was done in 10 mL 2-methyl heptane at a temperature of -5˚C.
GC analysis
Before GC analysis of the 2-methyl heptane solution from the SFE step, the volume was reduced to ca. 0.5 mL by evaporation using a gentle stream of nitrogen. The sample solution was then transferred to a small vial. The collection tube, used for trapping the analytes during the extraction, was rinsed with 2-methyl heptane. This solution was transferred to the same vial, giving a total volume of ca. 1.5 mL. Leachate extracts were treated with concentrated sulfuric acid prior to GC injection.
PCB extracts were analyzed by injecting 1 μL of each sample on-column onto a gas chromatograph (GC 6890N) equipped with a 7683 series autosampler and injector (Agilent, Palo Alto, CA, USA).
Single-column GC-ECD
A single-column GC system was utilized for method development together with PCB standard 1. The fused-silica capillary column was a HP-5MS (25 m × 0.22 mm, 0.1 μm, 5% phenyl-methyl-polysiloxane). The column was coupled to the inlet via a retention gap (2 m × 0.53 mm deactivated fused silica). The temperature program used was 90˚C for 2 min, rising to 190˚C at a rate of 30˚C/min while keeping the temperature constant at 190˚C for 2 min. Thereafter, the temperature was raised to 290˚C at a rate of 4˚C/min and kept for 10 min. Detection was performed with a μ-ECD ( 63 Ni-ECD). The detectors were held at 300˚C and purged with nitrogen at 60 mL/min (5.5, >99.9995% purity, AGA Gas, Sweden). Hydrogen was used as a carrier gas at a constant linear velocity of 43 cm/s (Hydrogen Lab., AGA Gas, Sweden).
Dual-column GC-ECD
A dual-column system based on previous studies 27, 28 was utilized for the separation of analytes in wastewater. This system consisted of an HP-5MS column (30 m × 0.25 mm, 0.25 μm, 5% phenyl-methyl-polysiloxane) coupled in series to a HT-5 column (25 m × 0.22 mm, 0.10 μm, 5% phenyl-polycarboran-siloxane, Scientific Glass Engineering (SGE) Europe, Milton Keynes, UK), and a parallel DB-17 column (60 m × 0.25 mm, 0.25 μm, 50% phenyl-methyl-polysiloxane). The parallel columns were coupled to the inlet via a deactivated retention gap (2 m × 0.530 mm deactivated fused silica) using a quick-seal glass "T". The columns (HP-5MS, DB-17) and the retention gap were manufactured by Agilent. The temperature program was 90˚C for 2 min rising to 170˚C at a rate of 20˚C/min, while keeping the temperature constant at 170˚C for 7.5 min. Thereafter, the temperature was raised to 285˚C at a speed of 3˚C/min keeping the temperature constant at 285˚C for 8 min. Chemstation software (Agilent, Palo Alto, CA, USA) was used to run the system and interpret the chromatograms. Data evaluation was made by means of peak-height measurements. Detection was performed with two μ-ECDs, as described above.
Quantification
The linearity for all congeners in both standard mixtures in the final determination using GC-ECD was good, with linear correlation coefficients generally better than 0.999 in the concentration interval considered (1 -40 ng/mL). The detection limit determined as three-times the noise level for the standards, was ca. 0.1 -0.2 ng/mL when injecting 1 μL, for the considered PCB congeners.
Results and Discussion
Development of a combined SPE-SFE procedure
The first two parts of the total analytical procedure, filtration of the sample through glass microfiber filters and trapping of the PCBs on SPE-disks, have been thoroughly investigated and described previously. 18 This procedure was verified once more in this investigation by applying a conventional liquid extraction step of the SPE-disks with 2-methyl heptane as the elution solvent. The obtained recoveries, for spiked reagent water at low ng/L levels, were between 92 to 102% for the various PCBs (RSDs between 3 and 8%, n = 3), which is satisfactory. Thereafter, the method development was directed towards 1456 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22
replacement of the organic solvent elution step with SFE. This work included an evaluation of i) the PCB trapping step in the SFE procedure using 2-methyl heptane as a collecting solvent, ii) the SFE extraction step of filters and SPE-disks, using untreated and precleaned filters and SPE-disks, iii) the SPE-SFE procedure, and the influence of drying filters and SPE-disks prior to SFE elution. 18 In order to efficiently extract the PCBs from the filters and the SPE-disks, relatively high temperatures in the extraction cell are needed, since similar environmental matrices, such as sediments, require extractions temperatures of 100˚C or more. 28 Generally, in the case of POP extraction from environmental matrices, the most common approach today is to use pressure between 30 -40 MPa and temperatures in the range of 100 to 150˚C. A temperature of 100˚C and a pressure of 35 MPa were chosen, leading to a supercritical fluid density of 0.72 g/mL. Similar conditions have been used e.g. by US EPA Method 3562, 29 with a density of 0.75 g/mL.
Trapping step in SFE PCB standard solution 1 was spiked on stainless-steel beads and extracted under the chosen conditions at different flow rates with 2-methyl heptane as a trapping solvent. The PCB recoveries are shown in Fig. 1 .
The recoveries were close to 100% at all flow rates. The RSD values for the different congeners at different flow rates were between 4 and 7%. However, a higher degree of analyte-matrix interactions were expected when extracting the SPE-disks. Therefore, a flow rate of 1.5 mL/min, giving an average recovery of 103%, was used throughout the rest of the investigations.
Extraction step in SFE
When suitable conditions for trapping had been found, the extraction step in the SFE method was investigated by extracting PCB-spiked untreated and cleaned glass-fiber filters, as well as PCB-spiked untreated and cleaned SPE-disks. The procedure for cleaning glass-fiber filters and SPE-disks included the elution of 10 mL of 2-methyl heptane, 10 mL of methanol and 10 mL of reagent water in this order through the filters, drying the filters for 15 min under vacuum and 24 h in a desiccator, to avoid the coextraction of water. Table 1 summarizes the results of these experiments.
There is a strong tendency with markedly higher recoveries (generally above 100%), and lower precision for untreated filters and disks. Using clean filters and SPE-disks, the recoveries for all the PCB congeners, except for PCB 52, were around 100% and the precision was drastically improved. By visual inspection of the chromatograms, it was observed that many interfering peaks disappeared during the cleaning step. For PCB 52, which previously had recoveries of 133% for glass-fiber filters and 151% for SPE-disks, the recoveries decreased to below 100%. This demonstrates the importance of the cleaning step of filters and disks for a successful final analytical procedure.
The final SPE-SFE procedure
The drying step of the SPE-disks has previously been found to be a critical step. 23, 25 The removal of water is important, since remaining water in the disk pores could inhibit supercritical fluid access to analytes at these locations. Thus, before setting the final parameters for the entire procedure, the influence of the drying step on PCB recoveries was investigated in two sets of experiments. After passing 1 L of reagent water spiked with PCB standard 1 (100 μL of 0.18 μg/mL, individual congener) through the glass-fiber filter and the SPE-disk, the filter and SPE-disk were dried for 15 min under vacuum in one set of experiments. In a second set of experiments 15 min vacuum drying was followed by an additional 24 h drying in a desiccator. This later set-up assured that water was completely removed from the filters and SPE-disks. When drying for 15 min under vacuum the lowest recovery for a PCB congener (PCB 101) was 79% and the average recovery for the investigated 10 PCB congeners was 94%. The recoveries were, however, improved by prolonging the drying time for 24 h in a desiccator as shown in Fig. 2 .
There is some overestimation for PCB 52, which might be due to an interfering compound. The possibility of contamination of PCB 52 from water or from glassware used is not probable, because blank runs did not give any indications in that direction.
With prolonged drying, the lowest recovery of any PCB congener (PCB 101) was 90%, and the average recovery was 101% with relative standard deviations ranging from 1 to 5% 1457 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 Fig. 1 PCB recoveries at different flow rates (0.5, 1.0, 1.5 mL/min) with trapping in 10 mL of 2-methyl heptane. Stainless-steel beads were spiked with 100 μL PCB-standard (0.18 μg/mL, individual congener). SFE conditions: pressure, 35 MPa; temperature, 100˚C; trapping solvent volume, 10 mL; trapping temperature, -5˚C. Each bar in the figure is an average of three experiments; error bars represent RSDs (%). The final determination was performed using single-column GC-ECD. Fig. 2 PCB recoveries analyzed in 1 L spiked reagent water samples (100 μL of PCB standard 1 at 0.18 μg/mL, individual congener), using the combined SPE-SFE procedure, with and without 24 h drying of filters and SPE-disks in a desiccator. The SFE conditions are identical to those in Fig. 1 . Each data point is an average of three measurements; error bars represent RSDs (%). The final determination was performed using single-column GC-ECD.
for the different congeners. In the final method, SPE-disks were dried under vacuum for 15 min, followed by an additional drying step of ca. 24 h in a desiccator.
The detection limit for 1 L of water samples was estimated to be around 0.2 ng/L, for individual congeners. Blank SPE-SFE runs with GC-ECD showed small peaks at the retention times for 3 PCB congeners (138, 180 and 170) with concentration values of 0.2 -0.4 ng/L. Consequently, a blank correction is not needed in contaminated water samples with PCB congener concentrations above 2 ng/L.
Comparison between conventional SPE and SPE-SFE based procedures
With respect to accuracy and precision, the results obtained with a previously developed method, 18 based on SPE-disks and solvent extraction, are similar to those obtained with the SPE-SFE approach. In Table 2 , a comparison between these two extraction techniques is shown.
The main advantages of using SPE-SFE instead of SPE are volume reduction of the organic solvent from 120 to 50 mL, decreased time for manual work and increased sample throughput, since SFE is automated. However, a longer time is needed until the sample data are processed as a result of the 24 h drying step. The main drawback for the SPE-SFE methodology is the high cost of investment and the higher number of parameters to be optimized. However, for water samples with high amounts of particles, the analysis time increases for both methodologies, decreasing the time difference between the two techniques. The reason for this is that filtration through the glass-fiber filter and through the SPE-disk now becomes rate determining, since it can take more than 1 h to pass the water through the filter.
Leachate extraction
After the method was developed for the extraction of PCBs in water, the aim was to evaluate the performance of this method with more complex water. This was carried out with leachate, which usually contains dissolved and suspended materials as humic acids, salts, metals and organic pollutants. 2 By using such a complicated water sample, the methodology could be properly assessed.
The extractions were performed just after spiking the leachate, or 24 h after spiking to let the PCBs equilibrate with the sample. One set of experiments, which were extracted directly after spiking was done, as well with the addition of surrogate standards. The results are given in Table 3 . Blank samples were also extracted to verify the presence of PCBs in the water. No PCBs above the LOD were observed.
The average recovery of PCBs after direct extraction was 49%, which is somehow low compared to reagent water, probably because of the slower filtration and extraction of leachate due to particles. The extraction and filtration time for leachate was 5.6 times compared to reagent water. This could lead to losses due to adsorption onto glassware. The presence of colloids could also diminish the recovery. The average recovery after 24 h decreased to about 31%. This 20% reduction might be related to adsorption onto glassware, as has been reported by Lung et al. 30 However, when a surrogate was added, the average recovery was 112% with a RSD of 10.6%. The extraction efficiency slightly decreased with higher molecular weight, as seen before. 15, 16 There is a slight overestimation of the PCB recoveries; however these values are 1458 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 a. Spiked with 100 µL of PCB standard 1 at 0.44 -0.50 µg/mL of each PCB congener (n = 3). Analysis was performed with single-column GC-ECD. To our knowledge, only one paper has been published concerning wastewater using a SPE-SFE based methodology. 24 As in the present work, there was a surrogate addition. The PCB recoveries (between 94 -103%) were good, but the spiking concentration was approximately 125-times higher than in this work.
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Conclusions
With the suggested SPE-SFE methodology, PCBs can be analyzed at a low ng/L level in wastewater samples, such as leachate from landfills. The substitution of the prevailing organic solventextraction step with SFE has led to several advantages. These include less consumption of organic solvents, reduced manpower and increased sample throughput due to simpler sample handling procedures. This paper shows that even at a low concentration, SPE-SFE is a good alternative to conventional LLE and SPE. To succeed in this process, at low PCB concentrations, the cleaning of filters and optimization of the drying step are essential. When working with complex water matrices, additional parameters become important. For instance, the losses during spiking of leachate are significant, and increase with longer equilibration times, and must therefore be considered.
